The paper reviews the interplay of Rashba/Dresselhaus spin splittings in various two-dimensional systems made of zincblende III-V, wurtzite, and SiGe semiconductors. We discuss the symmetry aspects of the linear and cubic in electron wavevector spin splitting in heterostructures prepared on (001)-, (110)-, (111)-, (113)-, (112)-, and (013)-oriented substrates and address the requirements for suppression of spin relaxation and realization of the persistent spin helix state. In experimental part of the paper, we overview experimental results on the interplay of Rashba/Dresselhaus spin splittings probed by photogalvanic spectroscopy: The method based on the phenomenological equivalence of the linear-in-wavevector spin splitting and several photogalvanic phenomena.
1 Introduction Quantum phenomena in semiconductors are highly sensitive to subtle details of the carrier energy spectrum so that even a small spin splitting of energy bands may result in measurable effects. A textbook example of the band spin splitting is the Zeeman effect, which is caused by the coupling of an external magnetic field and electron spin. However, band spin degeneracy can also be removed without action of a magnetic field. This phenomenon is caused by the spin-orbit interaction (SOI) in noncentrosymmetric crystals, a relativistic effect allowing for coupling of electron spin and orbital degrees of freedom. As a result the spin degeneracy of the energy bands is lifted even in nonmagnetic materials. This coupling is described by a Hamiltonian with products of σ and k terms where σ are the Pauli spin matrices and k is the electron wave vector. The origin of these terms are the bulk inversion asymmetry (BIA) and the structure inversion asymmetry (SIA). Microscopically, BIA stems from the absence of the inversion symmetry in the bulk material and gives rise to the Dresselhaus spin splitting in bulk and low-dimensional semiconductors [1, 2] . By contrast, SIA originates from the inversion asymmetry of the confining potential and yields the Rashba term in the Hamiltonian whose strength can be manipulated by an external electric field (Rashba effect) [3, 4] . In particular, the SIA/BIA coupling of the electron wavevector and spin causes a Larmor precession in an internal k-dependent effective magnetic field for electrons moving through a semiconductor structure. Note that in addition to BIA and SIA, an interface inversion asymmetry (IIA) may yield k-linear terms caused by noninversion symmetric bonding of atoms at heterostructure interfaces [5] [6] [7] . Since the IIA results in the SOI of the same form as BIA in (001)-grown III-V systems, we disregard this type of spin splitting in further consideration.
While the existence of the zero-magnetic field spin splitting is known since the 1960s of the last century [1, 3] , it quickens an enormous interest since manipulation of the electron spin instead of its charge has been considered as a candidate for the future electronics -spintronics. The cause of this interest is that the Rashba effect in two-dimensional electron systems (2DES) provides a unique possibility to manipulate electron spin by means of external electric field and is of great importance for the generation, manipulation, and detection of spin currents as well as for control of the spin relaxation processes in low-dimensional semiconductors, for reviews see Refs. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . In particular, spin manipulation by means of electric field, pure spin currents, and electric currents caused by spin polarization have attracted continuously growing interest from both the experimental and theoretical points of view. Most of these works are aimed to two-dimensional systems, where BIA and SIA terms couple the in-plane wavevector of confined electrons k with the in-or out-of-plane components of the electron spin S. The relative orientation of the coupled k-and S-components is determined by the symmetry of the system. Consequently, it depends on the QW growth plane crystallographic orientation and on the considered direction of the in-plane wavevector. In many systems, the SIA and BIA terms can interfere resulting in an anisotropy of the spin splitting. The strongest anisotropy can be achieved in (001)-grown quantum wells (QWs) with the k-linear Rashba and Dresselhaus terms of equal strength. Under these circumstances, the dominant mechanism of spin dephasing (Dyakonov-Perel relaxation [20] ) is suppressed [21] [22] [23] making possible a diffusive spin field transistor [24] as well as giving rise to a persistent spin helix (PSH) predicted in Ref. [25] and observed in GaAs low-dimensional systems [26, 27] . In fact, for this particular case, the spin splitting vanishes in certain k-space directions and an effective magnetic field caused by SOI is aligned along a certain crystallographic axis for all k being ineffective for spins oriented along this axis, see, e.g., Refs. [22, 24, 28] . Further important example of the SIA/BIA anisotropy is manipulation of the spin dephasing in QWs grown on (110) or (111) crystallographic planes where extremely long spin relaxation times have been experimentally achieved by adjusting of Rashba and Dresselhaus spin splitting [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . Lately, there has been much effort in the studying of the SIA/BIA-interplay both theoretically with new device proposals [24, [43] [44] [45] [46] and experimentally with the aim to obtain particular relation between SIA and BIA spin splitting in QW systems of various crystallographic orientations.
Owing to the fact that Rashba/Dresselhaus zero magnetic field spin splittings give rise to a large number of diverse physical phenomena their characterization and control are of fundamental importance for spin physics in semiconductors. The relative orientation of spin and electron wavevector in eigenstates and strength of these splittings depend on macroscopic conditions such as structure crystallographic orientation, QW width, temperature, electron density, doping profile, stress, etc. Consequently, the interplay of the Rashba/Dresselhaus spin splittings is strongly affected by these parameters and requires a detailed study. Various methods providing an experimental access to the SIA/BIA interplay have been developed to which belong (i) investigations of the anisotropy of the Raman effect [47, 48] ; (ii) study of the weak antilocalization (WAL) [49] [50] [51] [52] [53] and WAL in tilted magnetic fields [54] [55] [56] [57] ; (iii) photogalvanic effects [33, [58] [59] [60] [61] [62] [63] [64] [65] [66] ; (iv) investigation of spin-relaxation anisotropy by Hanle-effect [67] ; (v) study of the gate dependence of spin relaxation [68] [69] [70] [71] , as well as (vi) experiments on time resolved Kerr effect (TRKR) or Faraday rotation in special experimental geometries [72] [73] [74] [75] [76] [77] [78] [79] , including magnetooptical Kerr effect with in-plane magnetic fields [74] and optical monitoring the angular dependence of the electron spin precession on their direction of motion with respect to the crystal lattice [75] . The multifaceted SIA/BIA spin splitting has been the subject of a tremendous number of works and numerous reviews. Our contribution to this special issue is primary focused on the results obtained in the framework within the DFG Schwerpunktprogramm SPP 1285 and, consequently, limited to the investigation of SIA/BIA explored by study of the photogalvanic effects anisotropy. The developed methods are based on the phenomenological equivalence of SIA/BIA spin splitting and several photogalvanic phenomena [28, 80, 81] , which all have a common property: They are described by the linear coupling of a polar vector and an axial vector, like the electron wavevector with its spin in Rashba/Dresselhaus effect or, e.g., electric current with an average nonequilibrium spin in the spingalvanic effect [58] . Indeed, such phenomena are described by second rank pseudo-tensors whose irreducible components differ by a scalar factor only. Therefore, these methods allow determination of the spin-orbit coupling anisotropy in 2DES and do not require a knowledge of microscopic details or rely on theoretical quantities. Furthermore, previous studies demonstrated that the discussed effects are very general and measurable signals can be obtained for almost all 2DES and even at room temperature, for reviews see, e.g., Ref. [80] . Thus, photogalvanic experiments allow us characterization of the SIA/BIA interplay upon variation of macroscopic parameters in a wide range.
The paper is organized in the following way: In Section 2, an overview of the symmetry aspects of the Rashba/Dresselhaus effects in III-V semiconductor materials is given. First the removal of spin degeneracy due to spin-orbit interaction is addressed and then the SIA/BIA spin splitting in k-space for 2DES grown in various crystallographic directions is presented. Sections 3 and 4 introduce the method based on photogalvanics and give a short account for the experimental technique, respectively. The experimental results on interplay of SIA/BIA upon variation of 2DES design and characteristics are presented and discussed in Sections 5 (zinc-blende III-V-based QWs), 6.1 (wurtzite 2DES), and 6.2 (SiGe QWs). Conclusions and outlook are given in Section 7.
Feature Article
Phys. Status Solidi B (2014) 3 a splitting is caused by SOI. The corresponding Hamiltonian H SO is given by a sum of products of the Pauli matrices and odd combinations of the wavevector components. In bulk III-V semiconductors belonging to T d point group symmetry it is described by the cubic in the wavevector k terms introduced by Dresselhaus [1] :
Here, γ is the only one linearly-independent constant for the T d point group and x, y, z are cubic axes. Note that hereafter the crystallographic orientation of x, y, z axes for each considered system is given in Table 1 . Despite this splitting determines the Dyakonov-Perel spin relaxation rate, its value can not be manipulated by an electric field and is determined by the constant γ. In 2D systems, confinement and symmetry lowering result in a more rich SOI, which is described by new terms in the Hamiltonian both, linear and cubic, in the electron 2D wavevector. The corresponding spin-orbit splitting is sensitive to external parameters like electric field, temperature, structure design, crystallographic orientation, etc. Below we consider one by one QW structures grown in various directions. The three point groups D 2d , C 2v , and C s are particularly relevant for zinc-blende structure-based QWs [28, 82, 83] . Hereafter, the Schönflies notation is used to label the point groups. In the international notation, they are labeled as42m, mm2, and m, respectively.
Rashba/Dresselhaus terms in (001)-grown
zinc-blende structure-based 2DES Quantum well structures made of III-V semiconductors MBE grown on (001)-oriented substrates are the most studied lowdimensional systems. The point symmetry group of these structures can be either D 2d or C 2v which both belong the gyrotropic point groups [84] and, consequently allow linear in wavevector spin splitting. The D 2d symmetry corresponds to (001)-oriented symmetrical QWs. In such QWs, only BIA terms may exist. If an additional up-down asymmetry is present due to, e.g., nonequivalent interfaces, asymmetric doping, or electric field applied normally to QW plane, then . Arrows in the drawing (c) show that the reflection in the mirror plane m 1 does not change the sign of both the polar vector component k x and the axial vector component S y , demonstrating that a linear coupling between k x and S y is allowed under this symmetry operation. This coupling is also allowed by the other symmetry operations (mirror reflection by the plane m 2 at which both components change their sign and the C 2 rotation axis) of the point group yielding the k x σ y terms in the effective Hamiltonian.
the symmetry is reduced to C 2v giving rise to SIA. For these QWs the tensor elements can be conveniently presented in the coordinate system (xyz) with x [110] , y [110] , z [001], see Table 1 and Fig. 1a . The axes x and y lie in the reflection planes m 1 and m 2 of both point groups and are perpendicular to the principal twofold rotation axis C 2 , see Fig. 1b showing symmetry elements for QWs of C 2v point group.
For D 2d point symmetry, the linear in k wavevector spin splitting is given by
where β is called the (2D) Dresselhaus constant. It follows from Eq. (1) that the substantial contribution to β comes from the bulk spin-orbit coupling, which, taking into account that for confined electrons k z becomes zero but k 2 z does not, yields β = −γ k 2 z . Here, the brackets mean averaging over the size-quantized motion [2] . It is important to note, that historically many authors use coordinate axes directed along cubic axes, i.e., x [100] and y [010] . As in this coordinate system x and y are tilted by 45
• to the mirror planes, the other spin and k components are mixed and the form of the Hamiltonian changes. In this case, we have widely used in the literature form of H BIA = β(σ x k x − σ y k y ).
In the asymmetric QWs, belonging to C 2v point group and having nonequivalent z and −z directions, SIA gives rise to additional terms in H SO so that now H SO = H BIA + H SIA . The form of H BIA remains unchanged, see Eq. (2), and the SIA term assumes the form
where α is called the Rashba constant. Obviously the form of this term is independent of the orientation of Cartesian coordinates in the plane of the QW. Equations (2) and ( by simple symmetry arguments. It follows from the Neumann's principle that the component of a tensor representing a property must remain invariant under a transformation of coordinates governed by a symmetry operation valid for the point group of the crystal [92] . Therefore, the linear in k spin splitting can only occur for those components of k for which there are components of the pseudovector S (the corresponding quantum-mechanical operator is σ/2) transforming in the same way. Let us illustrate it for spin aligned along y-direction, i.e., for S y . Figure 1c As the remaining C 2 -axis also transforms k x and S y equally the linear in k spin splitting connecting these components becomes possible yielding the σ y k x terms in the effective Hamiltonians (2) and (3). The corresponding band structure is sketched in Fig. 2a . Similar arguments hold for k y and S x (k y σ x terms), but not for the out-of-plane component S z . Consequently, the linear in k spin splitting for out-of-plane spin is forbidden by symmetry. The distribution of spin orientation in the states with a given k can be visualized by writing the SOI term in the form
where B eff (k) is an effective magnetic field (with absorbed Bohr magneton and g * -factor [93] ), which provides the relevant quantization axes. The index "effective" indicates that B eff (k) is not a real magnetic field because it does not break the time-inversion [94] . Consequently, in the presence of SIA/BIA spin splitting the Kramers-relation ε ↑ (k) = ε ↓ (−k) holds. By comparison of Eq. (4) with Eqs. (2) and (3) one obtains for pure SIA (β = 0) and pure BIA (α = 0) the effective magnetic fields in forms
The effective magnetic field and spin orientations for, both, Rashba and Dresselhaus coupling are schematically shown by arrows in Fig. 2d and e, respectively. Here, it is assumed for concreteness that α, β > 0. For the SIA case, the effective magnetic field and, hence, the electron spin in the eigenstates with the wavevector k are always perpendicular to the k-vector, see Fig. 2d . By contrast, for the BIA contribution, the angle between k-vector and spins depends on the direction of k, see Fig. 2e . In the presence of both SIA and BIA spin-orbit couplings (C 2v symmetry), the [110] and the [110] axes become strongly nonequivalent. For k [110] , the eigenvalues of the Hamiltonian are then given by ε ± = 2 k 2 /2m * ± (α − β)k and for k [110] by
For an arbitrary direction of k, the energy spectrum of such systems consists of two branches with the following anisotropic dispersions
where ϑ k is the angle between k and the x axis [98, 99] . The energy dispersion for k-linear SIA, BIA and combined SIA/BIA terms is illustrated in Fig. 2a-c . In the case of BIA only (α = 0) or SIA only (β = 0), the band structure is the result of the revolution around the energy axis of two parabolas symmetrically displaced with respect to k = 0. The interplay of SIA and BIA is illustrated in panels (d-g). If the strengths of BIA and SIA are the same, then the 2D band structure consists of two revolution paraboloids with revolution axes symmetrically shifted in opposite directions with respect to k = 0, see Fig. 2c . Now all spins are oriented along ±x-axes as shown in Fig. 2f . In Fig. 2g , we have shown a constant energy surface and direction of spins for α = β. So far we discussed only k-linear terms in the Hamiltonian. In fact, in zinc-blende structure based (001)-grown QWs also terms cubic in k are present, which stem from the Dresselhaus term in the host bulk material, Eq. (1). A cubic contribution modifies the Dresselhaus spin-splitting yielding
These terms influence some of spin-dependent phenomena like spin relaxation or WAL and should be taken into account in particularly in narrow band materials and highly doped QWs as well as at high temperature. The corresponding kcubic effective magnetic field defined via H cub BIA = σ · B cub can be conveniently decomposed into B cub = B (1) cub + B (3) cub , where [96] B (1) 
As the effective magnetic fields B BIA eff and B (1) cub containing the first-order Fourier harmonics (∝ sin ϑ k and cos ϑ k ) have the same form [see Eqs. (5) and (8)] they can be combined as
with the renormalized Dresselhaus constant
Note that the term γk 2 /4 scales with k, which for equilibrium electron gas is equal to the Fermi wavevector and respectively, scales with the electron density. In GaAs heterostructures, cubic in k terms are usually unimportant and in the further consideration we will useβ for analysis of narrow band semiconductors only. 
Rashba/Dresselhaus terms in (110)-grown zinc-blende structure-based 2DES
QWs on (110)-oriented GaAs substrates attracted growing attention due to their extraordinary slow spin dephasing, which can reach several hundreds of nanoseconds [29-33, 35, 36, 38] . As addressed above, the reason for the long spin lifetime in this type of QWs is their symmetry: in (110)-grown QWs, the BIA effective magnetic field B eff (k) points into the growth direction [2] therefore spins oriented along this direction do not precess. Hence the Dyakonov-Perel spin relaxation mechanism, which is based on the spin precession in B eff (k) and usually limits the spin lifetime of conduction electrons, is suppressed.
Depending on the equivalence or nonequivalence of the QW interfaces, i.e., presence or absence of SIA, the structure symmetry may belong to one of the point groups: C 2v or C s , respectively. While the point group symmetry of symmetric (110)-and asymmetric (001)-oriented III-V QWs is the same (C 2v ), the Dresselhaus spin splitting links different components of electron spin and wavevector. The reason for this fact, strange on the first glance, is that by contrast to (001)-oriented QWs for which mirror reflection planes m 1 and m 2 are oriented normal to the QW plane, see 
SIA removes the mirror reflection plane m 2 and enables spin splitting for the in-plane spin components. This is illustrated in Fig. 3c showing that in asymmetric (110)-grown structures k x and S y transform equally. Additional terms in the Hamiltonian caused by the symmetry reduction have the same form as the Rashba terms in (001)-oriented QWs Eq. (3). The in-plane effective magnetic field due to Rashba spin-orbit coupling results in spin dephasing even for spins oriented along growth direction and the benefit of (110) QWs disappears [100] . The energy spectrum of such systems consists of two branches with the following anisotropic dispersions
Like in (001) QWs, the different forms of the BIA and SIA terms result in their interference substantially affecting the band spin-splitting. The spin splitting and calculated spin relaxation times for some α/β-ratios are shown in Fig. 4d and e, respectively. Moreover, the k-cubic terms for symmetric (110) QWs result in the effective magnetic field also pointing in the growth direction, so they do not lead to spin relaxation of the normal spin component as well.
Rashba/Dresselhaus terms in (111)-grown zinc-blende structure-based 2DES
QWs grown along [111] -direction draw attention primary due to the possible suppression of the Dyakonov-Perel spin relaxation mechanism for all spin components [37, [39] [40] [41] [42] [103] [104] [105] . The reason for this interesting feature is the formal identity of the k-linear Dresselhaus and Rashba Hamiltonians, which both have a form of Eq. (3) but imply different constants, β and α, respectively [2, 103] . As a result, the total spin-orbit Hamiltonian can be written in form
The corresponding effective magnetic fields are shown in the inset in Fig. 5 . A straightforward consequence of Eq. (13) is that conduction band becomes spin degenerate to first order in k for any wavevector direction in the case that BIA and SIA coefficients would have equal magnitude but opposite signs, i.e., β = −α. The most significant feature of this configuration is that the spin lifetimes would become tremendously increased. The dependence of the in-plane and out-of-plane spin relaxation times on the ratio between the Rashba and Dresselhaus coefficients is shown in Fig. 5 .
Rashba/Dresselhaus terms in (113)-, (112)-, (013)-, and miscut (001)-grown zinc-blende structure-based 2DES
So far we discussed widely spread configurations of zinc-blende structure-based QWs.
To be complete, we also address the band spin splitting in QWs grown in more exotic directions. These are (113) (112)-, and (013)-oriented 2DES as well as (001) miscut structures. The former orientation is usually used for growth of high mobility p-type GaAs QWs, which attracted notable attention due to the possibility to obtain long spin relaxation times [106] [107] [108] [109] [110] [111] [112] . QWs of (112)-and (013)-orientations are mainly used for growth of HgTe 2DES, which become particularly important since discovery of the topological insulator states in this material [113, 114] opening the possibility to study physics of Dirac fermions in the systems with the strong SOI. Miscut heterostructures are usually MOCVD-grown on slightly tilted (001) substrates. Zinc-blende structure based (113)-, (112)-and miscut (001)-oriented 2DES belong to the symmetry point group C s , which contains only two elements, the identity and one mirror reflection plane, m, being normal to the 2DES plane. A natural coordinate system for these structures grown in z-direction are x -normal to the plane m and y-orthogonal to x and z, cf. Table 1 for (113)-grown QWs. Then BIA spin-splitting is given by
while the SIA Hamiltonian is again described by a universal form of Eq. (3). A particular feature of such 2DES compared to (001)-grown QWs is the appearance of the spin splitting for spins oriented along the growth direction. Note that the spin-orbit coupling terms in asymmetric (110) QWs, which have C s symmetry, are also described by the sum of the Hamiltonians Eqs. (3) and (14) . QWs prepared on (013)-oriented substrates belong to the trivial point group C 1 lacking any symmetry operation except the identity. This is true even for structure-symmetric QWs, where SIA is absent. Hence, symmetry does not impose any restriction on the relation between the spin and wavevector components:
Here l = x, y, z and m = x, y. Since all components of the pseudotensor Λ may be different from zero the spin splitting is allowed for any relative directions of spin and electron wavevector. Moreover, the ratio between the components of the tensor Λ can be changed in nontrivial way (including the sign inversion) by varying the experimental conditions like, e.g., sample temperature or carrier density.
To complete the picture of spin splitting in zinc-blende structure-based QWs, we note that symmetry reduction can also be obtained by, e.g., applying stress, fabricating ungated/gated lateral superlattices, and growing quasi onedimensional wires. The form of the spin-orbit Hamiltonian in such structures depends on the resulting symmetry (C 2v , C s , or C 1 ) and is described by the corresponding equations discussed above.
Wurtzite-type semiconductor structures
Wurtzite-type bulk semiconductors, like GaN or InN, are described by a nonsymmorphic space group C 4 6v containing a nontrivial translation. However, the physical effects are determined by the point-group symmetry. The point group of wurtzite semiconductors C 6v is gyrotropic [84] and, therefore, allows the linear in wavevector spin splitting. As it was pointed out in Ref. [3] in these media the spin-orbit part of the Hamiltonian has the form
where the constant β is solely due to BIA. Here, z-axis is directed along the hexagonal c-axis [115] . In heterostructures, an additional source of k-linear spin splitting, induced by SIA becomes possible. If both, bulk and structure asymmetries, are present the resulting coupling constant is equal to the sum of BIA and SIA contributions to the spin-orbit part of the Hamiltonian. Thus, for 2DES based, e.g., on GaN or InN grown in [0001] direction, the total spin-orbit part of the Hamiltonian has exactly the same form as that for (111)-grown zinc-blende based structures discussed in Section 2.3:
and for β = −α conduction bands become spin degenerate to first order in k for any wavevector direction.
SiGe QWs
Finally, we briefly discuss SiGe QWs. Since both Si and Ge possess inversion center SiGe heterostructures do not have BIA. However, both IIA, with a BIA-like form of the Hamiltonian [117] , and SIA may lead to k-linear terms [116, [118] [119] [120] [121] [122] . The symmetry of Si/(Si 1−x Ge x ) n /Si QW in the absence of SIA depends on the number n of the mono-atomic layers in the well. In the case of [111] , the point group becomes C s (see, e.g., [116] ) and contains only two elements, the identity and one mirror reflection plane (110) . Here, the spin splitting is described by equations presented in Section 2.4.
3 Determination of SIA and BIA spin splittings by photogalvanic measurements A direct way to explore the BIA and SIA interplay, which does not require knowledge of microscopic details, is based on the phenomenological equivalence of Rashba/Dresselhaus linear in k spin splitting given by
where Λ lm is a second rank pseudo-tensor, with other phenomena also described by a linear coupling of a polar vector, like current, and an axial vector, like electron spin. Indeed, all these effects are described by second rank pseudotensors whose irreducible components differ by a scalar factor only and, consequently, are characterized by the same anisotropy. In semiconductor 2DES, there are three effects, which belong to a large class of photogalvanic phenomena [80, 82, 83, 123, 124] and like Rashba/Dresselhaus linear in k spin splitting are described by such a kind of the second rank pseudo-tensors. These phenomena are the spin-galvanic effect (SGE) [125, 126] , the circular photogalvanic effect (CPGE) [127, 128] , and magneto-gyrotropic effect (MPGE) [60, 129] . They link the dc electric current with nonequilibrium spin (SGE), angular momentum of photons (CPGE) or an external magnetic field (MPGE). In analogy to the band spin-splitting and based on the equivalence of the invariant irreducible components of the corresponding pseudo-tensors, these currents can be decomposed into Rashba and Dresselhaus contributions, which can be measured separately. Taking the ratio between these contributions cancels the scalar factor, which contains all microscopic details [33, 58-60, 64, 130, 131] . As the physical mechanisms of the effects under consideration are discussed in a great details in several reviews and monographs [11, 28, 80, 83, 145] and are in fact inessential for the study of the the spin-splitting anisotropy we focus below on their symmetry analysis. We start with the general equations for each effect and briefly address their origin.
(i) Spin-galvanic effect. The spin-galvanic effect consists in the generation of an electric current j due to a nonequilibrium spin S and is caused by an asymmetric spin relaxation in the Rashba/Dresselhaus spin-split subbands [28, 80] . The spin-galvanic effect generally does not need an optical excitation but may also occur due to optical spin orientation yielding a spin photocurrent. The resulting electric current is given by
(ii) Circular photogalvanic effect. The CPGE is another phenomenon, which links the current to the spin-splitting in heterostructures [28, 80] . It steams from the selective photoexcitation of carriers in k-space due to optical selection rules for absorption of circularly polarized light and is given by
whereê is the unit vector pointing in the direction of light propagation, and E is the complex amplitude of the electric field of the electromagnetic wave. The direction of the resulting electric current reverses at inversion of the radiation helicity P circ being a fingerprint of CPGE.
(iii) Magneto-gyrotropic effect. MPGE is the electric current excitation by normally incident radiation in the presence of an external magnetic field B [143, 144] . It may be caused by the spin or orbital mechanisms. The spin-driven MPGEs are based on spin-orbit coupling in 2DES with SIA and BIA. The electric current is generated due to a spin-dependent energy relaxation of electrons heated by radiation in the Zeeman split subbands. The orbital mechanism is caused by a magnetic-field-induced scattering asymmetry [195] . For unpolarized radiation MPGE is given by
Equation (18) and (19)- (21) have in common that all these phenomena link linearly vector and pseudovector components. Therefore, as addressed above, they are characterized by the same anisotropy in space, according to the Neumann principle [92] , the equivalence of the components of the pseudo-tensors Λ, Q, χ, and ξ can be used to evaluate the ratio between SIA and BIA strength as well as to determine their relative sign [33, 58-60, 64, 130, 131] . Note that the same arguments are valid for the inversed SGE [132] .
This can be illustrated on example of the spin-galvanic effect where an electric current is caused by asymmetric spin relaxation of nonequilibrium spin polarized carriers in the system with a spin-orbit splitting of the energy spectrum, for reviews see [28, 81, 83] . While in general the spin-galvanic effect does not need optical excitation the SIA/BIA interplay can most convenient be studied applying circularly polarized radiation for spin orientation of carriers resulting in S.
The SGE current j SGE is linked to the average spin by a second rank pseudo-tensor Q, see Eq. (19) , and can be presented via the parameters of spin-orbit splitting in (001) QWs as follows
where Q xy =Q(β − α), Q yx =Q(β + α) withQ being a constant determined by the kinetics of the SGE, namely by the characteristics of momentum and spin relaxation processes. In the coordinate system with cubic axes ( 
demonstrating that for spin aligned along x or y measurements of the SGE current parallel and perpendicular to S directly yield the α/β-ratio. This is sketched in Fig. 6a showing the average spin S x and the spin-galvanic current j SGE , which is decomposed into j x = j D and j y = j R proportional to the Dresselhaus constant β and the Rashba constant α, respectively. This configuration represents the most convenient experimental geometry in which the ratio of the currents measured along x -and y -axes yields
We emphasize that this geometry unambiguously shows whether the Rashba or Dresselhaus contribution is dominating. Furthermore, these measurements provide experimental determination of both the ratio and the relative sign of the Rashba and Dresselhaus constants. Analogously to the spin splitting, symmetry arguments yield that for arbitrary orientation of the average spin S the current j R is always perpendicular to S while the current j D encloses an angle −2Ψ with S, where Ψ is the angle between S and the x -axis. The strength of the total current j SGE is given by the expression
which has the same algebraic form as the spin-orbit term in the band structure, see Eq. (6) . Taking the ratio between Rashba and Dresselhaus current contributions cancels the scalar factorQ, which contains all microscopic details [58, 59] . Hence, by mapping the magnitude of the photocurrent in the plane of the QW the α/β-ratio can be directly extracted from experiments. Similar consideration can be made for the circular photogalvanic and MPGEs. The details of the method can be found in Refs. [33, 58-60, 80, 131, 143, 144] . An important advantage of the discussed method is that it applies to the photogalvanic effects, which are very general and have been detected in a large variety of low-dimensional semiconductor structures of a very different designs, for recent reviews on these effects see [80, 83, 91, 144, 145] , including topological insulators and other systems with Dirac fermions [146] [147] [148] [149] [150] [151] [152] [153] [154] [155] [156] . The studies of the last decade show that these effects in 2DES can be detected in a wide temperature range including technologically important room temperature and applying radiation in a wide frequency range, from microwaves up to visible light. It is important to note that all photogalvanic effects addressed above are caused by the terms B (1) eff (k) and B SIA eff (k) in the effective magnetic field, which are first angular harmonics of ϑ k , see section 2.1. The rest cubic terms in the effective magnetic field B (3) eff (k) ∝ sin 3ϑ k , cos 3ϑ k do not result in the discussed photogalvanic currents, however, they modify the spin-splitting and may affect spin relaxation and the anisotropy of spin-flip Raman scattering [48, 51, 79, 82, [157] [158] [159] . Consequently, photogalvanics based methods provide the information on the SIA/BIA terms given by Rashba constant α and renormalized Dresselhaus constantβ.
Experimental technique
Photogalvanics have been used to probe SIA/BIA interplay in a large variety of low-dimensional structures of different design yielding information on the modification of the SIA/BIA-ratio upon changing of various macroscopic parameters like crystallographic orientation, doping position, quantum well widths, temperature, etc. Zinc-blende and wurtzite semiconductorbased heterostructures as well as SiGe QWs were studied. For optical excitation, a great variety of radiation sources have been used including pulsed and cw molecular THz lasers [81, 146, [160] [161] [162] [163] , free electron lasers [81, 169, [164] [165] [166] [167] [168] , CO 2 lasers [116, 168, 170] , Ti-sapphire and other solid state lasers [62, 65, 171] , semiconductor lasers [172, 173] , He-Cd laser [174] , time-domain THz systems [61, 81, [175] [176] [177] , conventional Gunn diodes [178] etc. While SIA/BIA interplay has been studied in a wide frequency range from microwaves to the near infrared, microwaves/terahertz radiation are particularly suitable for the methods addressed in the previous section. First of all, in the microwave/terahertz range photogalvanics may be observed and investigated much more easily than in the visible or near infrared ranges, where strong spurious photocurrents, caused by other mechanisms like the Dember effect [81] , photovoltaic effects at contacts, etc., mask the relatively weak spin photogalvanic currents. Secondly, in contrast to conventional methods of optical spin orientation using interband transitions, terahertz radiation excites only one type of charge carrier yielding monopolar spin orientation, giving the information about spin splitting in one subband. Furthermore, electrons excited by terahertz radiation remain close to the Fermi energy, which corresponds to the conditions of electric spin injection. Obviously photocurrent measurements applying radiation with photon energies smaller than the band gap require free carriers. Therefore, photogalvanic methods are applied to study either doped low-dimensional systems or undoped structures additionally exposed to light resulting in the photogeneration of electron-hole pairs. In the latter case, photogalvanics is caused by the superposition of electron and hole contributions, which complicates the analysis of the spin splitting in a particular band. Experimental geometry depends on the type of phenomenon used for the SIA/BIA mapping (CPGE, SGE, or MPGE) and crystallographic orientation of the studied low-dimensional structure. CPGE-and SGE-based methods require circularly polarized radiation at oblique, or, for low symmetric structures, normal incidence. For MPGE- [60, 179] and, in some cases, SGE-based methods [58] , a small external magnetic field is needed. Details of the experimental configurations can be found in Refs. [33, 58-60, 80, 131, 143] .
In the most frequently used geometry, rectangular shaped 3 × 5 mm 2 size samples with an edge oriented parallel to one of the reflection planes have been studied. The latter can in most cases be naturally obtained by cleaving the sample. Several pairs of contacts, being needed for electrical measurements, are made in the middle of the edges and corners of the squared sample. Although this geometry of contacts is sufficient for study of SIA/BIA anisotropy, the results accuracy can be increased by using a larger number of contact pads forming a circle [58, 131] . The photocurrent J(θ), where θ is the polar angle, is measured in unbiased structures via the voltage drop across a 50 Ω load resistor with a fast storage oscilloscope or applying standard lockin technique [28] . We note that a pure optical method to measure photogalvanic currents, which provides a unique access to characterization of SIA/BIA in a contactless way, has been developed [61, 175, 180, 181] . It is based on the terahertz emission resulting from the photogalvanic currents generated by picosecond pulses of near infrared radiation. The physical principle is just the same as of the Auston switch [182, 183] used for generation of THz radiation in the terahertz time-domain spectroscopy [81, 176, 177] . • C, the circles demonstrate the data for all other samples grown at T δ ≈ 630
• C. Insets show the QW profile and the doping positions for l < r and for l > r. (b) Dependence of J/Pn s on the parameter χ, here n s is the carrier density, and P is the radiation power. The photocurrents J y and J x are measured along and normal to B y . Full and open symbols show J x and J y , respectively (triangles are the data for sample fabricated with reduced temperature during the δ-doping (T δ = 490
• C)). Inset shows experimental geometry. After [60] .
taxy at typical temperatures in excess of 600
• C. The insets in Fig. 7 sketch the conduction band edges of different QW structures together with the corresponding δ-doping position. All QWs have the same width of 15 nm but differ essentially in their doping profile. The degree of the doping asymmetry can be conveniently described by the parameter
where l and r are the spacer layer thicknesses between QW and δ-layers. Variation of individual BIA and SIA contributions as well as their ratio have been studied applying magneto-gyrotropic photogalvanic effect [60] . In these experiments, unpolarized terahertz radiation at normal incidence was used for excitation of QW structure subjected to an in-plane magnetic field applied along a cubic axis y . BIA and SIA photocurrent contributions have been obtained by measuring the current along and perpendicular to the magnetic field, i.e., J y and J x , respectively. The ratio of SIA/BIA contribution as a function of the parameter χ is shown in Fig. 7a demonstrating that it has a strong dependence on the doping position and, moreover, changes its sign for χ ≈ 0.1. The analysis of the individual contributions shown in Fig. 7b indicates that in all structures BIA remains almost unchanged and the SIA is solely responsible for the variation of the band spin splitting with the parameter χ. The variation of the parameter χ shows that SIA is very sensitive to the impurity potential and its magnitude and the sign can be controlled by the δ-doping position. The fact that in nominally symmetric QWs with χ = 0 SIA yields a substantial photocurrent signal reflects the dopant migration along the growth direction (segregation) during molecular beam epitaxial growth. This conclusion is supported by the MPGE measurements in symmetrically doped sample (χ = 0) fabricated with reduced temperature during the δ-doping (T δ = 490
• C). At this conditions segregation is suppressed and SIA vanishes, see Fig. 7 .
Investigation of the structures with different band profile and δ-doping positions show that the largest value of the SIA/BIA ratio is obtained in a single heterojunction [59] . While optical experiments on spin relaxation in undoped samples demonstrate that the variation of the band profile does not substantially affect SIA [70, 71] in doped structures it seems to play an important role. Indeed in structures with strongly asymmetric potential profile like triangular confinement potential or stepped QWs, the electron function is shifted to one of the interfaces and is strongly affected by the impurity Coulomb potential [184] . The second reason for the enlarged SIA/BIA ratio in wide 2D structures is the decrease of the Dresselhaus SOI, which is given by the size quantization of the electron wave vector k z along the growth direction z. Theory shows that BIA for a QW of width L w should change after
. This behavior was experimentally confirmed by optical monitoring of the angular dependence of the electron spin precession on the direction of electron motion with respect to the crystallographic axes [188, 189] . The latter has been obtained driving a current through the structure. A set of (001)-grown GaAs/AlGaAs QWs with different well widths between 6 and 30 nm and fixed parameter χ have been studied demonstrating a linear increase of the Dresselhaus splitting with the increase of the confinement parameter k 2 z . The linear fit presented in Fig. 8 yields the bulk Dresselhaus coefficient, cf. Eq. (1), for GaAs, γ = (−11 ± 2) eVÅ 3 . The data also allowed to measure the cubic in k Dreeselhaus term showing that in GaAs it is substantially smaller than the linear one (from 2 up to 30 times, for 3 and 6 nm QWs, respectively).
The experiments on the optical monitoring of the spin precession as a function of L w also provided information on the sign of the g * -factor confirming its sign change at L w = 7 nm [188] . This inversion is mostly caused by the opposite signs of the g * -factor in the GaAs with respect to the Horizontal bars depict ±0.5 nm variation in L w and vertical bars indicate 30% variation in carrier density. After [188] .
AlGaAs barrier and the fact that for narrow QWs the electron wave function deeply penetrates into the barrier [190] [191] [192] [193] [194] . The change of sign is of particular importance for the studies of the magneto-photogalvanic effects resulting from the spin-related roots. As discussed above, the MPGE photocurrent is proportional to the Zeeman band spin splitting and is determined by the effective Landé factor g * . The same set of samples as that investigated in the work of Walser et al. [188] was previously used to provide an experimental evidence for spin-related roots of the current formation in most of (001) GaAs QWs at room temperature [195] . Figure 9 shows the MPGE photocurrent J L as a function of L w . For comparison, g * extracted from the time-resolved Kerr rotation is also plotted. As an important result, Fig. 9 demonstrates that the photocurrent, similarly to the g * -factor, changes its sign upon the variation of L w . However, there is a difference in the zero points: While the g * = 0 at L w = 7 nm, the current vanishes for L w ≈ 10 nm. A small current detected at g * inversion point, at which spin mechanism of MPGE is disabled, is caused by the orbital mechanism [195, 196] , which is almost independent on L w . For other QW widths, the spin related mechanism dominates the total current. The dominating contribution of spin mechanisms in GaAs QWs is also demonstrated for the circular MPGE [195] , where in-plane spin density required for spin-galvanic effect is created via optical excitation and the Hanle effect [59, 126] .
Circular photogalvanic and spin galvanic effects have also been applied for studying the SIA/BIA-ratio in (001)-oriented doped InAs/InGaSb QWs and InGaAs/InAlAs QW structures [58, 59] . In InAs/InGaSb QWs, the measurements yield the value in the range 1.6-2.3, which agrees well with theoretical results [197] predicting a dominating Rashba spin-orbit coupling for InAs QWs and is also consistent with experiments applying other transport methods [50, 198] . Note that the Rashba term is very sensitive to details of the sample growth and further treatment. [195] and squares by comparison of BIA and Zeeman spin splitting [188] ). The inset shows the experimental geometry. After [195] . parent gate [131] . The measurements supported by the WAL experiments permitted to find a proper QW design for the realization of the persistent helix conditions. These results are discussed in Section 5.2.
To complete the picture, we note that BIA and SIA induced CPGE, SGE, and MPGE have been also observed in (001)-oriented InSb/(Al,In)Sb and HgTe/CdHgTe quantum well structures [65, [199] [200] [201] [202] . These narrow band materials are of particular interest for spin physics because they are characterized by high mobility and small effective masses as well as by a very large g * -factor and spin-orbit splitting [203] [204] [205] [206] [207] . So far, while confirmed the band spin splitting, most of the studies have been aimed to the mechanisms of the current formation in these novel materials, which can now be extended by special studies aimed to SIA/BIA interplay.
The experiments described above were carried out applying terahertz/microwave radiation. The dominant mechanism of the spin-orbit splitting, however, can also be determined from study of photogalvanics caused by interband absorption [208] [209] [210] . An interesting possibility to study the spin splitting provides the study of the CPGE spectra [130, 208] : the SIA-induced CPGE photocurrent has a spectral sign inversion in contrast to the BIA-one. The interplay of the Rashba/Dresselhaus has been investigated in applying CPGE in Ref. [66, [211] [212] [213] and MPGE in [173] .
To conclude this part, the observation of the sign reversal of the Rashba/Dresselhaus-ratio upon changing the δ-doping position in the heterostructure together with quantum well width dependence of BIA can be used for growth of 2D structures with controllable spin splitting. It is important to note that measurements have also been carried out at technologically important room temperature at which other methods based on spin-relaxation or antilocalization experiments can not be applied. Thus, the measurements of photogalvanics can be used as a necessary feedback for technologists looking for perfectly symmetric structures with zero Rashba constant or for structures with equal Rashba and Dresselhaus spin-splittings. The latter will be discussed in the next section.
Quantum well design requirements for long spin relaxation times in (001)-grown QWs and realization of persistent spin helix
The strongest anisotropy of the spin-orbit splitting can be achieved in zinc-blende semiconductor-based (001)-grown QWs with the k-linear Rashba and Dresselhaus terms of equal strength, α = β. Under these circumstances and for unessential contribution of k-cubic BIA terms, the spin splitting vanishes in certain k-space direction. Moreover, the resulting effective magnetic field B eff (k) is aligned along one of the 110 crystallographic axes for any wavevector k, see Fig. 2g . Consequently, it becomes ineffective for spins oriented along this axis. In this particular case, the interference of the Dresselhaus and Rashba terms leads to the (i) disappearance of an anti-localization [49, 50] ) suppression of the DyakonovPerel relaxation for spin oriented along B eff [21] [22] [23] , (ii) lack of SdH beating [214, 215] , and (iii) makes possible the formation of the PSH. The latter represents a new state of such a spin-orbit coupled system, which was predicted in Ref. [25] and experimentally observed in GaAs 2DES with weak k-cubic Dresselhaus terms (see, e.g., [216] ) applying transient spin-gating spectroscopy [26, 27] . In this particular case, spin precession around the fixed axis B eff [110] supports the space oscillations of the spin distribution in the [110] direction with a period π 2 /(2m * α). Indeed, the precession angle for electron spins aligned in the (110) plane equals to 2π after passing each period, while the spins oriented along [110] direction are intact at all. This demonstrates the stability of the space oscillating state (PSH state) to the spin precession. The specific spin splitting for α = β serving novel ways for spin manipulation attracted valuable attention. There has been much effort in this field both theoretically with new device proposals [24, 46] and discussion of the PSH formation [217] [218] [219] [220] [221] [222] as well as experimentally with the aim to obtain SIA equal to BIA [26, 27, 55-58, 60, 131] .
The design and growth of structures with a defined SIA/BIA-ratio needs techniques for its control. Generally, the requirement of α = β can be fulfilled by the variation of both Rashba and Dresselhaus terms, which depend on a number of macroscopic parameters, such as material of quantum well, quantum well width, doping profile and growth temperature, gate voltage, carrier density, sample temperature, etc. The Dresselhaus SOI is primary determined by the material properties and quantum well width and is fixed for a given quantum well [223] . Therefore, the only way to realize α = β in a given QW is to control the Rashba term. The latter can be achieved by the position of the asymmetric δ-doping [26, 60, 131] , see Section 5.1, or by the application of a gate voltage [131, 198, [224] [225] [226] . Figure 7a shows that in 15 nm wide GaAs QWs the α = ±β condition is achieved for χ = 0 and χ ≈ 0.17. In these structures, the ratio of the BIA and SIA related photocurrents |J x /J y | is
Feature Article
Phys. Status Solidi B (2014) 13 about unity indicating that SIA and BIA have almost equal strengths. Consequently, one obtains the spin splitting cancellation either in [110] or [110] crystallographic direction depending on the relative sign of the SIA and BIA terms. While the weak k-cubic SOI in GaAs based QWs barely affects the PSH formation, the important question arises whether a PSH type state will generally survive in materials with strong SOI where finite k-cubic terms gain importance, in particular for heterostructures at higher charge carrier densities. The effect of cubic in k terms on PSH has been analyzed in a few theoretical works [49, 50, 158, [227] [228] [229] [230] and has been demonstrated experimentally in Ref. [131] . The PSH conditions and the influence of the cubic in kterms on spin transport in a material with strong SOI have been studied in InGaAs QWs applying two complementary experiments, transport and photogalvanics [131] . In this work strain-free (001)-grown In 0.53 Ga 0.47 As/In 0.52 Al 0.48 As quantum well structures hosting a two-dimensional electron gas were designed to achieve almost equal linear Rashba and Dresselhaus coefficients, α and β, at zero gate voltage. Since β is usually much smaller than α in InGaAs 2DEGs [231] , one needed to enhance β and to reduce the built-in Rashba SOI. The former condition was achieved by making use the dependence of the Dresselhaus term on the QW widths, β ∝ 1/L 2 w , and growing sufficiently narrow QWs of width L w = 4 and 7 nm. A small α at zero gate bias was obtained by preparing symmetric InGaAs QWs. For that two Si doping layers with densities n 1 = 1.2 and n 2 = 3.2 × 10 18 cm −3 were placed into the InAlAs barriers, each 6 nm away from the QW. Here, the higher doping level on the top side of the QW compensates the surface charges. A fine tuning of the Rashba spin splitting was achieved by the gate voltage. Figure 10 shows experimental geometry and the anisotropy of the spin-galvanic signal. The current is studied in 4 nm QW at room temperature applying radiation with wavelength 148 μm. It is measured along different inplane directions determined by the azimuth angle θ with respect to the fixed in-plane magnetic field B x. The current component, J R , parallel to the magnetic field is driven by the Rashba spin splitting, while the perpendicular component, J D is caused by the Dresselhaus SOI, see Section 3. The data can be well fitted by J = J R cos θ + J D sin θ, with J R /J D = 0.98 ± 0.08. This ratio is related to that between the linear Rashba and Dresselhaus SOI strengths, J R /J D = α/β. The renormalized coefficientβ is described by Eq. (10) and takes into account the influence of the first harmonic of the cubic in k spin-orbit terms on linear in k band spin splitting, see Section 2.1. The results of Fig. 10c demonstrate that in ungated 4 nm QW samples the condition of the PSH creation is fulfilled. The α =β condition indicating the cancellation of the linear in k SOI has been also verified applying CPGE technique, see Section 3. By contrast, for the 7 nm QW with smaller β a substantially stronger SIA, α/β ≈ 4, has been measured applying both techniques. SGE and CPGE measurements carried out at low temperatures T ≈ 5 K demonstrated a weak temperature dependence of α/β. The fact that the ratio of these spin-orbit constants Figure 10 (a) Sample geometry and (b) sketch of the experimental arrangement used for measurements of the spin-galvanic effect in InGaAs quantum wells. For these measurements, the samples were irradiated by circularly polarized light along the growth direction, and an external magnetic field was applied along the xaxis. The light generates a nonequilibrium spin polarization S z which, by means of the in-plane magnetic field, is rotated into the QW plane resulting in S y . Such a nonequilibrium in-plane spin polarization causes a spin-galvanic effect [58, 126] is almost independent of temperature in studied InAs QWs is in agreement with the theory. Owing to a small electron effective mass (around 0.04m 0 ) and a high electron density (n s = 3.5 × 10 12 cm −2 ), the Fermi energy is about 170 meV. This means that the 2D electron gas is degenerate even at room temperature. The temperature-dependent corrections to the Rashba and Dresselhaus constants are in the order of the ratio of the thermal energy to the Fermi energy which is less then 15% in the studied structure even at room temperature.
The SIA/BIA cancellation in 4 nm QWs has also been obtained in transport experiment where the quantum correction to the magneto-conductivity in the gated Hall bar structures was measured in the presence of an external magnetic field B, pointing perpendicularly to the QW plane, see Ref. [232] . Figures 11a and b show the measured magnetoconductance profiles at different gate voltages for the 4 and 7 nm wide QWs, respectively. On the one hand, for the 7 nm QW, only WAL characteristics are observed, which get enhanced with increasing N s . On the other hand, most notably, the magneto-conductance for the 4 nm QW near B = 0 changes from WAL to weak localization (WL) characteristics and back again to WAL upon increasing N s from 3.23 to 4.23×10 12 cm −2 . The occurrence of WL (at N s = 3.71 × 10 12 cm −2 ) reflects suppressed spin relaxation, and the observed sequence WAL-WL-WAL unambiguously indicates that -even in presence of strong k-cubic SOI -a PSH condition is fulfilled in the WL region.
Comparison of the photocurrent measurements with the weak localization experiments enables us to extract information on the role of the cubic terms. Indeed, while the photocurrent experiments are insensitive to the third har- monic of the cubic term B (3) eff (k), and thus reveal only the ratio α/β, the transport experiment probes spin randomization due to the entire SOI contribution, Eqs. (2), (3), and (7). A numerical analysis of the WAL-WL-WAL transition applying α/β obtained from the photocurrent data clearly demonstrated that a PSH type state remains even for finite cubic SOI. The essential prerequisite for this is that α and β are close to each other, a condition which for InAs-based structures can be reached in very narrow and almost symmetric QWs due to a specially designed doping profile. However, in contrast to systems with dominating k-linear spin splitting, the PSH is obtained for close, but nonequal Rashba and Dresselhaus strengths.
Symmetry and spin dephasing in (110)-grown quantum wells
Quantum well structures prepared on (110)-oriented GaAs substrates are of particular interest because in QWs of this orientation and special design extraordinarily slow spin dephasing can be achieved. Spin lifetimes up to several nanoseconds [29-33, 35, 36, 233-245] or even submicroseconds [38] have been reported in GaAs and other III-V semiconductor-based heterostructures, for review see, e.g., [16] . As discussed in Section 2.2, in structures of this orientation the effective magnetic field induced by the BIA points along the growth axis and does not lead to the Dyakonov-Perel relaxation of spins oriented along this direction. Therefore, in symmetrical (110)-grown QWs with SOI solely determined by BIA, spin relaxation of the zcomponent is governed by the Elliott-Yafet mechanism (see, e.g., [22] ) being rather ineffective in GaAs based QWs. However, in asymmetric QWs this advantage fades away due to the Dyakonov-Perel spin relaxation caused by Rashba spin splitting. In undoped samples, this condition seems to be naturally fulfilled, as demonstrated by time-and polarization- resolved transmission measurements in Ref. [29] , where long spin lifetimes were found. However, in doped QW samples SIA is strongly affected by the impurity Coulomb potential and growth of symmetrical QWs with negligible SIA becomes a challenging task. Discussion of this and other external factors limiting the spin relaxation time have been the subject of a large number of theoretical works, see, e.g., [101] [102] [103] [246] [247] [248] [249] [250] [251] .
The degree of the SIA has been analyzed in a set of double side δ-doped QW samples with different parameter χ applying MPGE, see Section 3. The degree of SIA is reflected in the magnetic field dependence of the photocurrent displayed in Fig. 12 . From the symmetry arguments addressed in Sections 2.2 and 3, it follows that for in-plane magnetic field used for this measurements the MPGE current J MPGE x (B y ) is determined solely by SIA and, consequently, becomes possible only in the case of nonzero Rashba spin splitting. In line with these arguments, we obtained that the slope of J MPGE x (B y ) reverses upon variation of the parameter χ from positive to negative values. As an important result of these measurements, the zero current response, i.e., zero SIA, is obtained for the almost symmetrically doped QWs, χ = 0, grown at 480
• C [33, 252] . This is in contrast to (001)-oriented structures grown under standard conditions (T > 600
• C) where for QWs with χ = 0 a substantial SIA is detected, see Section 5.1 and Fig. 7 . This essential difference stems from the growth temperature, and, subsequently, the impurity segregation length. While for in-plane magnetic field only SIA related MPGE is possible, for an out-of-plane magnetic field B z the BIA related photocurrent is allowed and indeed observed for all samples. The latter demonstrate that for the structures with χ = 0 SIA becomes important and, as demonstrated by complimentary TRKR experiments, spin relaxation accelerates. Note that studies of photocurrents excited in (110)-grown QW structures in the absence of an external magnetic field [61, [253] [254] [255] [256] are consistent with the results on MPGE and TRKR. Study of spin relaxation in the QW structure characterized by photogalvanic measurements and other double side δ-doped QWs confirmed that in structures with symmetric doping (χ = 0) the spin relaxation time is maximal. In these strutures, the spin dephasing has been investigated applying time-and polarization-resolved photoluminescence (TRPL) [31, 33, 252] , spin noise spectroscopy [34] [35] [36] . The measurements yield the record values of the spin dephasing times in GaAs up to 250 ns were obtained applying resonant spin amplification technique [38] and demonstrate that symmetrically doped (110)-oriented QW structures set the upper limit of spin dephasing in GaAs QWs.
6 Interplay of BIA and SIA in other 2D systems 6.1 Structure inversion asymmetry and spin splitting in wurtzite QWs Wurtzite low-dimensional structures, in particular wide bandgap GaN, has been extensively investigated for applications as blue and ultraviolet light sources [257] as well as for high temperature and high power electronic devices [258] [259] [260] . The commercial fabrication of blue and green LEDs has led to well-established technological procedures of epitaxial GaN preparation and sparked a great research activity on the properties of heterostructures based on GaN and its alloys with AlN and InN. Two-dimensional GaN also attracted growing attention as a potentially interesting material system for spin physics since, doped with manganese, it is expected to become ferromagnetic with a Curie-temperature above room temperature [261] ; being gadolinium doped it may offer an opportunity for fabricating magnetic semiconductors [262] [263] [264] [265] [266] ; and GaN-based structures show rather long spin relaxation times [267] [268] [269] . A further important issue is the existence of considerable Rashba spin-splitting in the band structure. First indications of substantial spin-orbit splitting came from the observation of the SIA-type CPGE in GaN heterojunctions at Drude absorption of THz radiation [270] . Figure 13 shows the photocurrent as a function of the phase angle ϕ defining the radiation helicity. A finger print of the CPGE -reversing of the current direction upon switching helicity from right to left handed circularly polarized light -is clearly detected. The observed CPGE current always flows perpendicular to the incidence plane and its magnitude does not change upon rotation of the in-plane component of the light propagation unit vectorê. The reason of this axial isotropy is that in wurtzite type structures both, SIA and BIA, lead to the same form of SOI given by Eq. (17), see Section 2.5. Therefore, they cause the linear coupling between orthogonal vectors (here photocurrent j and pseudovector P circê ) only. The band spinsplitting, which is actually not expected in wide band-gap semiconductors, in GaN/AlGaN heterostructures is caused by a large piezoelectric effect [271] yielding a strong electric field at the GaN/AlGaN interface. This electric field causes a polarization induced doping effect [272] , and, on the other hand, results in a sizable Rashba contribution to the band spin-splitting. Making use of intraband, intersubband and interband absorption, the investigations of photogalvanic phenomena were extended to GaN QWs of various design as well as to low-dimensional wurtzite structures under uniaxial strain, demonstrating the Rashba character of the spin splitting [63, 64, 166, 167, 172, 270, [273] [274] [275] [276] [277] . The values of the spin splitting, up to 1 meV at the Fermi wavevector, have been obtained by magneto-transport measurements [278] [279] [280] [281] [282] . This results also confirmed that spin splitting is dominated by the k-linear terms and the k-cubic contribution is negligible. Note that studies on photogalvanic effects in InN-and ZnOheterostructures demonstrated substantial band spin splitting also in these wurtzite materials [174, [283] [284] [285] [286] .
Structure inversion asymmetry and spin splitting in SiGe QWs
Experimental evidence of the spin degeneracy removal was in focus of the first work on photogalvanics in SiGe QWs [116] . Experiments on doped structures of various design demonstrated that SIA is the necessary prerequisite for the band spin splitting and generation of CPGE. SIA is obtained by asymmetric doping, see Fig. 14a , and/or using of stepped potential, see Fig. 14b . CPGE is detected for both systems but was absent in the symmetric QWs depicted in Fig. 14c . Examples of the photocurrent's helicity dependence are shown in Fig. 14d and e for structures grown on (001)-and (113)-oriented substrates, respectively. The measurements confirm that for (001)-grown QWs CPGE is generated only for oblique incident circularly polarized light which provides an in-plane component of the photon angular momentum. The CPGE current flows normal to the plane of incidence and for a fixed angle of incidence its strengths remains constant for any light propagation direction. As both CPGE and band spin splitting are described by the equivalent second rank pseudo-tensors, see Section 3, this observation supports the conclusion that the band spin splitting in these structures is given by the Rashba term Eq. (3). The appearance of the CPGE in the stepped QWs does not contradict with the results of Eldridge et al. [71] demonstrating that in undoped 2D structures Rashba coefficient can be negligibly small despite huge conduction-band potential gradients, which break the inversion symmetry. In the discussed case, we deal with doped structures for which an asymmetric shape of QWs results in asymmetry of the dopant Coulomb force acting on free electrons. In line with symmetry arguments for symmetrically doped rectangle QW, no photogalvanic currents have been detected. A substantial SIA in asymmetrically doped SiGe QWs has been also confirmed by experiments on electron spin resonance [118, [287] [288] [289] , magneto-gyrotropic photogalvanic effect [290] and CPGE at interband absorption [291] .
In (113)-grown SiGe QWs, the photocurrent mostly comes from the normal incidence, see Fig. 14e [116] . The reason for the CPGE current excited by normally incident light is the reduction of symmetry from C 2v to C s and the arguments are the same as that used for discussion of band spin splitting in (113)-oriented III-V QWs, see Section 2.4. Observation of such CPGE current with magnitudes comparable to that detected in GaAs QW structures indicates appearance of the band spin splitting for spins oriented normal to QW plane. We note that the large CPGE in (113)-grown SiGe QWs was not only applied for studying SIA/BIA interplay but has also been used for development of the all-electric detector of light Stokes parameters [292] . (113)-, (112)-, (013) oriented, and miscut (001)-grown zinc-blende structure-based 2DES and artificial symmetry reduction In the last part of the review, we briefly address the results obtained for zinc-blende structure based QWs of less spread crystallographic orientation. A specific property of (113)-, (112)-, (013)-oriented, and miscut (001)-grown zincblende structure based 2DES is the presence of spin splitting for spins oriented normal to the quantum well plane, see Section 2.4. These systems, apart from (013) oriented QWs, belong to C s point group and have a mirror reflection plane m 1 normal to the QW plane, i.e., similar to the plane m 1 in asymmetric (110)-grown QWs depicted in Fig. 3c . The reduction of symmetry gives rise to CPGE at normal incidence and spin-galvanic effect for S z, which are forbidden for (001)-oriented QWs. These effects have been detected in miscut MOCVD (001)-grown GaAs QWs [81, 127, 293] as well as in (113)-grown GaAs-and SiGe-based two-dimensional structures [108, 116, 128, 294, 295] yielding a helicity dependent photocurrent in the direction x perpendicular to m 1 . The observation of the normally incident light induced photocurrent reflects the band spin splitting for electrons moving along x direction and allows to determine large g * -factor of holes [294, 295] .
SIA/BIA interplay in
While the CPGE at normal incidence has also been observed for (013)-oriented HgTe QWs the in-plane photocurrent direction changes depending on various macroscopic parameters, e.g., temperature [168] . This observation indicates that photocurrents as well as the band spin-splitting addressed in Section 3, may arbitrary change upon variation of QW design and experimental conditions. The reason for this behavior is that (013)-oriented QWs belong to the trivial point group C 1 lacking any symmetry operation except the identity. Hence, no preferential direction of the circular photocurrent or band spin splitting is forced by the symmetry arguments, see Section 2.4. It is important to note, that owing to strong spin-orbit coupling in HgTe-based QWs the CPGE has been observed to be about an 2 orders of magnitude larger than that in GaAs, InAs and SiGe low-dimensional structures. The large helicity-dependent photoresponse obtained in the wide range of radiation frequencies suggests HgTe QW structures are promising for detection of THz/IR radiation, in particularly, for the all-electric detection of the radiation Stokes parameters [169] .
Finally, we note that the symmetry reduction and, consequently, band spin splitting can be obtained applying strain even to bulk materials or depositing asymmetric lateral structures on the top of quantum well. The former way has been successfully used to obtain spin polarization by electric current (inverse spin galvanic effect) [62, [132] [133] [134] 136] , in (001)-grown bulk InGaAs layers and GaAs membranes [135] . Strain has also been used to study photogalvanics and Rashba spin splitting in zinc-blende structures [61] and wurtzite GaN-based 2DES [273] . The measurements indicate a substantial k-linear band spin splitting, which is forbidden without strain in these bulk materials. The possibility of artificial symmetry reduction and variation of BIA and SIA has also been demonstrated by photogalvanic studies of asymmetric lateral superlattices [296] [297] [298] [299] [300] and of structures with periodic quasi-one dimensional wires [170, 301] .
7 Conclusions and outlook Physics of momentum dependent Rashba/Dresselhaus splitting of spin subbands in two-dimensional condensed matter systems has already resulted in a great variety of fascinating effects. This relativistic phenomenon caused by combined effect of atomic spin-orbit coupling and structure or bulk inversion asymmetry becomes possible in gyrotropic class of crystals and its form and strength can be strongly affected by the interplay of Rashba and Dresselhaus effects. The key issue in this interplay is the point group symmetry allowing for certain crystallographic configurations and structure design cancellation of the BIA and SIA or separation of Rashba and Dresselhaus band spin splitting. Several specific configurations may give rise to the extraordinary long spin relaxation states or PSH. An access to analysis of the SIA/BIA anisotropy even at technologically important room temperature provides investigation of several types of photocurrents belonging to the class of photogalvanic effects. These studies have been already used to demonstrate a possibility of the controllable variation of SIA by means of asymmetric delta-doping; to design (110)-grown QWs showing record spin relaxation times and (001)-oriented QWs with fulfilled persistent spin helix state condition; to explore the role of segregation and crystallographic orientation in the SIA/BIA strength and anisotropy; resulted in observation of SIA/BIA in wurtzite materials and SiGe QWs and have been applied to study exchange interaction in diluted magnetic QWs [302] [303] [304] . The fact that photogalvanic effects are very general and have been detected in a large number of various 2DES makes them a proper tool in the arsenal of methods sensitive to subtle details of SOI. Particularly prospective for the further studies seems to be the contactless determination of the photogalvanic current anisotropy by the terahertz time-domain spectroscopy based experiments. Finally, we anticipate, that the interplay of Rashba and Dresselhaus effects will continue to be a manifold important tool in spin physics of low-dimensional systems giving rise to many new exciting phenomena. 
